The combination of densely-spaced strong-motion stations in Parkfield, California, and spectral analysis of surface waves (SASW) profiles provides an ideal dataset for assessing the accuracy of different site response explanatory variables. We judge accuracy in terms of spatial coverage and correlation with observations. The performance of the alternative models is period-dependent, but generally we observe that: (1) where a profile is available, the square-root-of-impedance method outperforms V S30 (average S-wave velocity to 30 m depth), and (2) where a profile is unavailable, the topographic-slope method outperforms surficial geology. The fundamental site frequency is a valuable site response explanatory variable, though less valuable than V S30 . However, given the expense and difficulty of obtaining reliable estimates of V S30 and the relative ease with which the fundamental site frequency can be computed, the fundamental site frequency may prove to be a valuable site response explanatory variable for many applications.
INTRODUCTION
Empirical ground motion prediction equations (GMPEs) include terms to model the earthquake source, path, and site. This paper is concerned with how the site effects are included in GMPEs. Since GMPEs are generally the result of regression analysis (e.g., Joyner and Boore, 1993) , we refer to the GMPE term or terms that represent site effects as the site response explanatory variable(s). The most common site response explanatory variable is the 30 m S-wave velocity (V S30 ). Three of the five Next Generation Attenuation (NGA) GMPE developers used an additional site response variable based on the depth to a specific S-wave velocity (V S ): Abrahamson and Silva (2008) and Chiou and Youngs (2008) define the soil depth parameter as the minimum depth at which V S reaches 1.0 km/sec (Z 1.0 ) and Campbell and Bozorgnia (2008) define the soil depth parameter as the minimum depth at which V S reaches 2.5 km/sec (Z 2.5 ). Douglas et al. (2009) discuss the importance of accounting for the accuracy of the different ways that V S30 can be estimated. They point out that only 35% of the records in the NGA database have measured values of V S30 , while the rest are inferred through correlations with surficial geology. Moss (2008) showed that estimates of V S30 from correlations with geologic units are much less accurate than downhole or noninvasive measurements. In this paper, we indicate the estimation method of an estimate of V S30 with the superscript: we write the V S30 estimated from correlations with geologic units as geo S V 30 . The value of a site response variable cannot be judged solely by the reliability of the measurement. The accuracy with which any variable can predict site response is a combination of how well that variable correlates with site response (i.e., model uncertainty) and the accuracy with which that variable can be estimated at a specific location (i.e., estimation uncertainty). In this context, estimation uncertainty refers to the difference in the accuracy with which Wald and Allen (2007) to develop correlations of V S30 with topographic slope derived from satellite data that can be estimated with uniform precision at any location on Earth (updated by Allen and Wald, 2009) . We refer to the magnitude of the topographic slope computed using the Wald and Allen method as δ and the estimates of V S30 as δ 30 S V . Thompson et al. (2010) collected 52 noninvasive velocity profiles at strong motion station in the Parkfield region of California. These data provide a valuable opportunity to assess the accuracy of different site response explanatory variables because these densely spaced velocity profiles are generally associated with strong motion stations. We begin by describing the data that we use in this study; this includes the velocity profiles and the ground motions used to assess the different explanatory variables. We then define the different site response explanatory variables that we include in this paper and how we compute the observed site response from recorded ground motions and the data selection criteria. Using the observed data, we then quantify the accuracy with which the different explanatory variables perform in terms of the correlation to observed amplifications.
DATA
Velocity Profiles and Ground Motion Selection. The 52 velocity profiles collected by Thompson et al. (2010) at strong motion stations are shown in Figure 1 . Additionally, we show the epicenter of the 2004 M 6.0 Parkfield earthquake, but we do not include the records from this earthquake in our analysis to avoid the complication of nonlinear and finite fault effects which could be important because epicentral distance to these stations is so small. Instead, we analyze motions from the 1983 M 6.36 Coalinga earthquake. Of the 52 stations with measured velocity profiles in the Parkfield region, 36 recorded the Coalinga earthquake. Figure 1 Thompson et al. (2010) employed the spectral analysis of surface waves (SASW), and so we refer to the V S30 estimated from an SASW V S profile as SASW S V 30 . Additionally, we compute the fundamental site frequency (f 0 ) using the procedure described by Zhao et al., (2006) .
The SASW V S profiles include information that should be pertinent for site response besides the single value of V S30 . Thus, we investigate alternative data reduction methods to simplify the information in the V S profile to a single value that can be used as a site response explanatory variable in the GMPE regression analysis. This includes the square-root-of-impedance method (SRI) and the one-dimensional plane SH-wave computation (SH1D). Unlike various V S30 estimates and f 0 , both of these alternative methods are period-dependent and thus have the potential to provide a more accurate estimate of the site response amplification.
The SRI method of estimating the site response amplifications (described by Joyner et al., 1981) computes the amplification that a seismic wave will experience as it travels between two materials with different impedances, where the impedance is defined as the product of density and velocity: V × ρ . The key assumption of this method is that the seismic energy is completely transmitted across the material interfaces. The SRI method ignores the effects of seismic reflections and refractions that will occur within a stack of laterally constant layers. Joyner et al. (1981) found that the impedance effect, as opposed to the effects of reflections and refractions, is the dominant process that contributes to site amplification. We refer to the amplifications predicted by the SRI method as ) (T a SRI . Accounting for the effect of reflections and refractions could potentially provide a more realistic model of site response amplification than ) (T a SRI . We accomplish this by assuming vertically incident plane SH-wave (the horizontally polarized component of the S wave) propagation through a laterally homogeneous medium (SH1D). We compute the amplifications using the Thomson-Haskell method (Thomson, 1950; Haskell, 1953) and denote the predicted amplifications as ) (
Empirical Site Response Amplifications. We define the site response amplification in terms of the pseudospectral acceleration (PSA), which is a function of the fundamental period (T) of a single-degree-of-freedom system (SDOF): the site response amplification is
where PSA r (T) is the PSA at the reference site and PSA(T) is the PSA at the location of interest (all of the PSA values in this article assume 5% viscous damping). In order to assess site response explanatory variables within the GMPE framework, we define PSA r as the PSA computed from an existing GMPE for the reference rock condition. This approach assumes that the GMPE accurately accounts for the path and source effects. We are comfortable with this assumption for this application because it is unlikely that the unaccounted-for source and path variability will create spurious correlations with any of the site response explanatory variables that we consider in this article. Uncorrelated variability may reduce the degree of correlation between the site response explanatory variables and the site response amplification values, but will not favor one variable over another. For this paper, we use the Boore and Atkinson (2008) GMPE, though the choice is arbitrary.
RESULTS
We compare the goodness-of-fit of the recorded site response amplifications to the various site response explanatory variables using Pearson's product moment correlation coefficient ( r ). This is the most widely used measure of linear association between two variables. The larger the absolute value of r , the better a site response explanatory variable will perform in a regression analysis. The standard form of most GMPEs regress the logarithm of PSA against the logarithm of the site response explanatory variable (typically V S30 ) because both of these variables are assumed to be lognormally distributed. Thus, it is appropriate for us to compute r from the )] ( ln[ T a and the natural logarithm of the site response explanatory variable. Figure 2 plots at the 10% confidence level. These observations, however, are based only on a single period, and we should consider a wide range of periods in comparing the performance of the different explanatory variables. Table 1 provides the r values for the six different explanatory variables at periods from 0.05 to 10 sec. Table 1 Table 1 V 30 for T ≤ 0.5 sec. At larger periods, both of these explanatory variables do not exhibit significant correlations. The observation that topographic slope performs better than surficial geology for the Parkfield data set combined with the ease with which δ can be computed at any location across the globe suggests the topographic slope method may be an attractive alternative to geo S V 30 when no other estimate is available. Further work is required to determine if this result is true in general, or only applicable to Parkfield.
SUMMARY
The Parkfield strong motion stations and velocity profiles provide a valuable case study for comparing the performance of alternative site response explanatory variables. These data show that the SRI method provides a valuable improvement over V S30 , and that the topographic slope performs is at least as good of a predictor of site response as surficial geology. These conclusions, however, must be qualified by noting that the sample size is limited (only amplification 36 observations) and the samples are limited to one earthquake (1983 Coalinga earthquake). Future work should expand the sample size by using more earthquake and more strong motion stations.
